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Daily temperature oscillations can cause adsorption (and desorption) of atmospheric
water vapor by soils. The resulting daily fluctuations in the amount of liquid water
in the soil can be measured by high-precision weighing lysimeters. We analyzed the
data of a lysimeter in a sandy dune sediment in southern Spain using Codebright, a
thermohydraulic numerical model for unsaturated flow that takes into account water,
vapor, and heat transport in the soil, as well as soil–atmosphere interactions such as
precipitation, evaporation, and solar radiation. The analysis shows that daily tempera-
ture oscillations, psychrometrics, and soil water retention can explain the fluctuations
of the amount of liquid water in the soil. The retention curve, especially its driest part,
is essential for the existence of these fluctuations. The fluctuations could not be repro-
duced by a model using the van Genuchten retention curve with a constant residual
saturation. On the other hand, satisfactory results could be obtained by models using
retention curves that at their driest part still show a change of saturation with suction.
Moreover, the models suggest within the top few decimeters of the soil a pattern of
alternating bands of condensation and evaporation, which follows the daily tempera-
ture oscillations that fade out deeper in the soil.
1 INTRODUCTION
Non-rainfall water depositions, such as fog deposition, dew,
and water vapor adsorption, are important hydrological
processes, especially in arid and semiarid regions (Agam
& Berliner, 2006; Uclés, Villagarcía, Cantón, Lázaro, &
Domingo, 2015; Verhoef, Díaz-Espejo, Knight, Villagarcía,
& Fernández, 2006). Agam and Berliner (2006) make a clear
distinction between dew and water vapor adsorption. The dif-
ference can be explained best by means of a psychrometric
chart (Figure 1). Dew formation takes place on flat surfaces,
Abbreviations: AWAT, adaptive window and adaptive threshold; VWC,
volumetric water content.
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which requires air to be almost or fully saturated in water
vapor (i.e., relative humidity [Hr] = 1). Water vapor adsorp-
tion refers to the influx of water vapor from the atmosphere
into a soil followed by condensation. It involves vapor diffu-
sion and water retention, which at the pore scale is caused not
only by mechanic adsorption of water at the surfaces of soil
grains but also by capillary and, sometimes, osmotic forces.
At the macroscopic scale, this is usually expressed through a
retention curve that relates the (liquid) volumetric water con-
tent of a soil (VWC) to the water potential, which is equiva-
lent to suction (pg – pl, see Table 1 for variable definitions).
Thus, at this macroscopic scale it is better to use the term
absorption rather than adsorption. Nevertheless, in this paper
we will use adsorption, because it is the most widely used
Vadose Zone J. 2020;19:e20012. wileyonlinelibrary.com/journal/vzj2 1 of 18
https://doi.org/10.1002/vzj2.20012
2 of 18 SAALTINK ET AL.Vadose Zone Journal








































F I G U R E 1 Dew formation and water vapor adsorption in a
psychrometric chart, developed by Carrier (1911), who also invented
the air conditioner. Air is cooled in a closed system. In a system with
only flat surfaces, dew will form after the air becomes saturated in
water vapor at the dew point. Soils can retain liquid water at positive
suction (pg − pl) or relative humidities (Hr) lower than 1 and, hence,
permit vapor condensation at such lower relative humidities. The y axis
shows specific humidity (ωwg )
term in the literature. Water potential or suction depends on
relative humidity (Hr), which in turn is affected by tempera-
ture, as illustrated in Figure 1. Hence, heat processes, such as
heat conduction within the soil, solar radiation, and latent and
sensible heat fluxes at the soil surface, also play an impor-
tant role in vapor adsorption. In fact, vapor adsorption only
takes place during certain hours of the day (Agam & Berliner,
2004), which suggests an essential effect of the daily cycle of
temperature and solar radiation. Dew forms mainly on plants
and stones, whereas water vapor adsorption is more important
for soils and lichens (Uclés et al., 2015). Therefore, dew depo-
sition on a bare soil is probably a rare phenomenon (Agam &
Berliner, 2004).
There are numerous experimental studies on dew (see, for
instance, Tomaszkiewicz, Abou Najm, Beysens, Alameddine,
and El-Fadel [2015] for a review). However, in our study, we
focus on water vapor adsorption in bare soils, and less is pub-
lished on this subject. Agam and Berliner (2004) measured
values for water vapor adsorption of 0.3 kg m−2 d−1 dur-
ing 9 d in a coastal desert (Negev) using a microlysimeter
and gravimetric hourly measurements of 0.1 m topsoil. Kos-
mas et al. (2001) measured values of 0.5 kg m−2 d−1 dur-
ing the dry period with a weighing lysimeter of 0.4-m depth
and a surface of 0.6 m2 filled with 200 kg of disturbed soil.
Verhoef et al. (2006) measured water vapor adsorption dur-
ing 8 d beside irrigated olive trees in southern Spain using
mini weighing lysimeters of 0.25-m depth and obtained up
to 0.7 kg m−2 d−1. Uclés et al. (2015) registered values of
up to 0.2 kg m−2 d−1 using microlysimeters with 0.09-m
depth, also for Mediterranean climates. Note that these are
Core Ideas
• Experimental data provide information about
vapor flow in dry dune sediments.
• A numerical model could reproduce experimental
data of vapor flow on an hourly scale.
• Daily temperature oscillations cause alternating
inward and outward vapor flow.
• Calibration reveals critical importance of the dry
part of the retention curve.
• Models suggest dominance of vapor flow in the
first few decimeters of the soil.
fairly high values in comparison with rainfall and evapo-
ration, and also that they do not differ much from each
other.
To quantify or measure water vapor adsorption, the studies
mentioned above used gravimetric data of microlysimeters or
small weighing lysimeters without lower boundary control.
The total mass of water adsorbed in the lysimeter can be
deduced from the weight of the lysimeter. However, its
natural distribution is more difficult to obtain, and especially
small lysimeters and microlysimeters with disturbed soil
samples may alter significantly the thermal regime due to
the larger influence of their different material properties
compared with soil. Furthermore, the no-flow boundary
condition imposed by the impermeable (micro-)lysimeter
base at a shallow surface may lead to artificial accumulation
of water and vapor and therefore requires an experimental
setup considering a larger depth and a control to maintain
natural humidity conditions at the lysimeter base. Whereas
lysimeter weights only give the water vapor adsorption in
the whole lysimeter, sensors give more information on its
distribution. Concerning the existing measurement systems,
the last generation of weighing lysimeters are powerful
tools to quantify water balance components with a high
precision (<0.1 kg m−2) and a high temporal resolution
(1 min) integrating measurements over larger surface areas
and depths (Hannes et al., 2015). State-of-the-art lysimeters
are equipped with sensor arrays that measure soil parameters
inside and outside of the lysimeter container to monitor and
control boundary conditions, similar to that of the undis-
turbed soil environment (Pütz, Fank, & Fury, 2018, among
others). Therefore, larger precision lysimeters with a lower
boundary control significantly improve the available dataset
representing natural vapor flow processes. To our knowledge,
no study has been published presenting modeling results
using data of precision lysimeters with lower boundary
control in dune sediments.
Nonetheless, for a better understanding of the processes
and mechanisms effecting water vapor adsorption and their
SAALTINK ET AL. 3 of 18Vadose Zone Journal
T A B L E 1 List of variables
Variable Definition
cg Specific heat of gas (∼1 × 103 J kg−1 K−1)
𝐷𝑖dif ,α Diffusion coefficient of component i in phase α (m
2 s−1)
𝐃𝑖dis,α Dispersion coefficient of component i in phase α (m
2 s−1)
D0 Parameter for vapor diffusion coefficient (m2 s−1 K−n Pa)
E Turbulent vapor flux at the soil surface (kg m−2 s−1)
𝑒𝑖α Internal energy of component i in phase α (J kg
−1)
fi External source/sink of component i (kg m−3 s−1)
g Gravitational acceleration (= −9.81 m s−2)
H Sensible heat flux (J m−2 s−1)
Hr Relative humidity
𝐣𝑖α Mass flux of component i in phase α (kg m
−2 s−1)
𝐣wdif ,g Vapor diffusion in soil (kg m
−2 s−1)
k Von Karman’s constant (= 0.4)
Kint Intrinsic permeability (m2)
kr,α Relative permeability of phase α (–)
m Van Genuchten shape parameter (–)
n Parameter for vapor diffusion coefficient (–)
Mw Molecular weight of water (= 0.018 kg mol−1)
P Precipitation (kg m−2 s−1)
pα Pressure of phase α (Pa)
pe Air-entry pressure (Pa)
pdry Parameter for the Rossi and Nimmo retention curve (Pa)
qα Darcy flux of phase α (m s−1)
ra Aerodynamic resistance (s m−1)
Rg Gas constant (= 8.314 J mol−1 K−1)
Rn Net radiation (J m−2 s−1)
Sα Saturation of phase α (m3 m−3)
Sα,e Effective saturation of phase α (m3 m−3)
Sα,r Residual saturation of phase α (m3 m−3)
Sα,s Maximum saturation of phase α (m3 m−3)
T Temperature (◦C)
v Wind velocity (m s−1)
za Height at which meteorological data are measured (m)
z0 Roughness length (m)
α Parameter for the Rossi and Nimmo retention curve
λ Thermal conductivity (J ◦C−1 m−1 s−1)
λdry Thermal conductivity of dry soil (J ◦C−1 m−1 s−1)
λsat Thermal conductivity of saturated soil (J ◦C−1 m−1 s−1)
μα Viscosity of phase α (Pa s)
ρα Density of phase α (kg m−3)
σ Temperature dependent surface tension of the gas–liquid interface (N m−1)
σ20 Surface tension of the gas–liquid interface at 20 ◦C (= 0.072 N m−1)
τ Factor for tortuosity and enhancement of vapor diffusion (–)
ϕ Porosity (m3 m−3)
ω𝑖α Mass fraction of component i in phase α (kg
−1)
(Continues)
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T A B L E 1 (Continued)
Variable Definition
ωwg,sat Saturated specific humidity (kg
−1)
Superscripts for component i
a Air
w Water




Note. Upward fluxes and fluxes into the soil are always positive. Downward fluxes and fluxes out of the soil are always negative. Water fluxes are expressed in kg m−2
s−1, which is equivalent to mm s−1 of liquid water with a density of 1,000 kg m−3.
distributions, the improved experimental design and dataset
requires model-based numerical evaluation. These models
should simulate on a macroscopic scale the transport of water
(both as liquid and as vapor) and heat in unsaturated soils
together with meteorological phenomena, such as rainfall,
evaporation, solar radiation, and heat exchange with the atmo-
sphere. Evaporation. or more precisely vapor flux, across the
soil surface and sensible heat flux are usually treated by an
aerodynamic resistance that accounts for the turbulent mixing
of heat and vapor in the air above the soil surface (van Bavel
& Hillel, 1976). Vapor diffusion within the soil is driven by
gradients of both temperature and VWC (Philip & de Vries,
1957). This was used by Milly (1982) for the development
of early numerical models that simulate coupled heat and
water transport in unsaturated soils. This modeling approach
has been maintained with some minor changes. For instance,
Grifoll (2013) concluded that it is important to also consider
vapor dispersion due to Stefan flow (i.e., flow induced by
evaporation located at some distance below the soil surface).
As water vapor adsorption is a diurnal phenomenon only
taking place at certain hours of the day, it is important to
consider the effects of daily oscillations of temperature and
solar radiation on water and heat flow in soils. These effects
have been analyzed by many models (Grifoll, Gastó, &
Cohen, 2005; Jiang, Zhao, & Zhai, 2016; Saito, Šimůnek, &
Mohanty, 2006; Zeng et al., 2009), also in combination with
weighing lysimeters (Dijkema et al., 2018). However, numer-
ical models have not been used for studying specifically
water vapor adsorption.
The objective of this paper is to analyze the complex
relation between heat transport, water flow, vapor diffusion,
and water retention and to see to what extent it can explain
the observed phenomenon of water vapor adsorption. We
used data from a precision weighing meteo-lysimeter exper-
iment in sandy dune sediments in southern Spain (Kohfahl
et al., 2019). These data are used for a numerical model
that aims to simulate all relevant thermohydraulic processes.
The innovative aspect of this work is the specific application
of a numerical model to water vapor adsorption based on a
novel, high-precision data set of soil water balance in dune
sediments.
2 LYSIMETER AND LABORATORY
EXPERIMENTS
2.1 Weighing lysimeter characteristics
A high precision meteo-lysimeter (Meter Group), composed
of a hydrolysimeter and a meteorological station, was installed
in September 2015 on a flat roof of a stabilized dune in the
Natural Reserve of the Doñana National Park Southwest Spain
(37◦1′19.49′′ N; 6◦33′17.77′′ W).
The location of the lysimeter is characterized by sandy soil
and an unsaturated zone of >8 m above the phreatic ground-
water level. Analysis of the aeolian dune sand samples showed
a similar grain size distribution of medium sands with ∼30%
fine-grained material below 0.2 mm. The homogeneous com-
position is in agreement with the macroscopic character of
the soil identified in the wall of an open pit showing homo-
geneous dune sands without any kind of visually detectable
stratification.
To maintain undisturbed soil conditions, the lysimeter
cylinder was inserted vertically into the soil without vege-
tation. The hydrolysimeter has a soil surface area of 1 m2,
which was always maintained free of vegetation, a height of
1.5 m, a weight resolution of 10 g, and an error of 100 g. The
lower boundary control was performed by two tensiometers
(UMS T8, Meter Group, with measurement ranges between
−85 and 0 kPa), installed at 1.4-m depth in and outside the
lysimeter in undisturbed soil. A bidirectional peristaltic pump
maintained the same soil water pressure in the lysimeter as
measured by the tensiometer outside the lysimeter. Drainage
volume was measured directly by monitoring weight incre-
ments of the drainage vessel installed in the maintenance well
beside the lysimeter. Intrinsic noise of the lysimeter weight
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T A B L E 2 Main parameters used for the models
Parameter Symbol Value




Rossi and Nimmo retention curve p0 34 hPa





Double porosity retention curve p0,1 34 hPa






Solid density ρs 2,670 kg m−3
Permeability Kint 1.0 × 10−11 m2
m 0.76
Vapor diffusion D0 5.6 × 10−6 m2 s−1 K−2.3 Pa
n 2.3
τ 6.0
Thermal conductivity λg 0.025 J K−1 m−1 s−1
λl 0.60 J K−1 m−1 s−1
λs 2.0 J K−1 m−1 s−1
Atmospheric parameters za 2.0 m
z0 0.01 m
Note. τ, λ, and z0 are obtained from calibration. See Table 1 for parameter definitions.























F I G U R E 2 Retention curves used by the models together with
data from laboratory experiments. The experimental data are for three
samples, one taken from a depth (z) of 0.2 m, and two others from a
depth of 0.3 m. The x axis shows the volumetric water content (VWC)
and the drainage vessel weight data was reduced by smoothing
using the adaptive window and adaptive threshold (AWAT)
filter (Peters, Nehls, Schonsky, & Wessolek, 2014), which
has been applied successful in other lysimeter studies (Hoff-
mann, Schwartengräber, Wessolek, & Peters, 2016). Weight
measurements were carried out at one minute and all other
data at 10-min intervals. For a more detailed description of
the lysimeter, we refer to Kohfahl et al. (2019).
Precipitation was measured by an external tipping bucket
rain gauge, with a surface of 400 cm2, according to World
Meteorological Organization standard, and a resolution of
0.1 mm (RG2013-0.1, UMS). Moreover, other meteorologi-
cal data were measured with 10-min time intervals, includ-
ing temperature, relative humidity, and wind velocity at 2-m
height and net radiation at the soil surface.
Following Schrader, Durner, Fank, Gebler, and Pütz (2013)
and Kohfahl et al. (2019), we calculated inward vapor
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flux across the soil surface or water vapor adsorption, Ein,
straightforwardly through a water balance from measured
rainfall by the pluviometer (P) and the weights of the lysime-
ter (Wlys), and drainage vessel (Wdrain):
⎧⎪⎨⎪⎩















Note that the weight of the solid in the lysimeter is assumed
to be constant, so that the change of total weight of the
lysimeter equals that of the water. Equation 1 works well
when there is no precipitation. During rainfall events, it may
be inaccurate due to differences in measured rainfall by the
pluviometer compared with upper boundary flow weight
changes registered by the lysimeter (ΔWlys/Δt). Nonetheless,
we assume this error is not significant, because vapor adsorp-
tion is negligible during rainfall.
2.2 Soil moisture sensors and soil water
retention curves
Five CS650 (Campbell Scientific) soil moisture sensors were
installed horizontally in undisturbed soil in the wall of the
open pit next to the lysimeter at three different depths rang-
ing from 0.3 to 1.2 m below surface. The accuracy of the
VWC measurements (±3%) was confirmed gravimetrically by
undisturbed soil sampling using stainless steel rings of 0.053-
and 0.103-m diameter (Kohfahl et al., 2019). The measured
data are available from the supplemental material.
Duplicate samples for laboratory analysis were taken with
250-cm3 sampling rings at 0.2-, 0.3-, and 0.6-m depth for
soil water retention curves and analyzed at LAB-FERRER
(Decagon Devices) depth using the hydraulic properties
analyzer (METER GROUP). Four soil samples were taken at
depths 0.3 and 0.6 m for soil moisture sensor calibration. To
check soil heterogeneity, doubled samples were taken from
the open pit during lysimeter construction, every 0.5 m down
to a depth of 3 m, and stored in plastic bags for subsequent
analysis of grain size distribution by fractionated sieving with
water according to DIN 66165-1 and -2 (1987). All samples
were taken outside the lysimeter and therefore did not damage
undisturbed soil conditions in the lysimeter. Infiltration tests
for saturated hydraulic conductivity were performed using
100-mm-diam. polyvinyl chloride (PVC) rings with a height
of 220-mm infiltration according to Hatt and Le Coustumer
(2008).
3 NUMERICAL MODEL
The lysimeter experiment is simulated by using CODE-
BRIGHT, a finite element code for modeling multiphase flow
and heat transport (Olivella, Gens, Carrera, & Alonso, 1996).
The lysimeter is represented by a vertical one-dimensional
finite element grid of 1.4-m length, divided into 140 ele-
ments of 0.01 m. The domain is homogeneous, representing
the homogeneous dune sand. The model calculations start on
25 Nov. 2015 and end on 4 Oct. 2017, which is the period
with available meteorological data. The code solves balance
equations for water (both vapor and liquid), air, and heat,
using standard mathematical equations as explained in the
appendix. Below we describe the constitutive laws, parame-
ters, and boundary conditions used by the models.
3.1 Constitutive laws and parameters
Constitutive laws are used to write variables used in Equa-
tions A1–A3 as functions of the state variables (pl, pg, and
T). Only the most relevant are described and discussed below.
Table 2 gives the most important parameter values. Moreover,
densities (ρ), viscosities (μ) of gas and liquid, and surface ten-
sion (σ) of the gas–liquid interface all depend on tempera-
ture through standard functions. For more details, we refer to
Olivella, Carrera, Gens, and Alonso (1994) and Olivella et al.
(1996).
Solid density, porosity, and retention curves were deduced
from the laboratory experiments mentioned in Section 2.2. We
used three retention curves (Table 2, Figure 2). The first is the
classical retention curve of van Genuchten (1980):











where the air-entry pressure, pe, depends on temperature





The second is a retention curve that has been extended with
a branch for oven dryness. Instead of being constant, the resid-
ual saturation (Sl,r) is written, according to Rossi and Nimmo
(1994), as






The third is composed of two porosities each with its own





























































































F I G U R E 3 (a and b) Accumulative boundary fluxes and (c) mass of water in the lysimeter. Inflow is positive, and outflow is negative. Note that
the measured and modeled rainwater is exactly the same, because measurements were used as input. In all graphs, blue, red, and black lines refer to
the models of van Genuchten, Rossi and Nimmo, and double porosity, respectively
T A B L E 3 Averaged boundary fluxes measured and of the three models between 1 Sept. 2016 and 31 Aug. 2017
Rainfall Bottom outflow Net vapor flux Inward vapor flux
Outward vapor
flux
Model kg m−2 yr−1
Measured 567 −413 −163 77 −241
Double porosity 567 −395 −173 81 −254
Rossi and
Nimmo
567 −360 −211 32 −242
van Genuchten 567 −420 −148 3 −150
where the two air-entry pressures (pe,1 and pe,2) depend
on temperature the same way as in Equation 3. The three
retention curves are almost identical for low suctions, but
they differ for high suctions (Figure 2). The laboratory
data of the various samples suggest differences between
porosities (or maximum saturation, Sl,r) which may be
due to heterogeneity but also to differences in the han-
dling of the soil samples. Laboratory data also show vari-
ation for the higher suctions, where admittedly there are
also fewer data points. Nevertheless, the Rossi and Nimmo
retention curve appears to resemble best the laboratory
data.
Darcy’s law for unsaturated flow of a phase α (either liquid











































































                    Minimum Maximum
Measured
Model
F I G U R E 4 Daily minimum and maximum temperatures (temp.) for various depths up to 20 cm. Note that the measured and modeled
temperature at +2 m is exactly the same, because measurements were used as input
The viscosity, μα, depends on temperature. The relative per-













𝑘r,g = 1 (8)
where residual saturation, 𝑆∗l,r , equals Sl,r when the van
Genuchten retention curved is used (Equation 2), equals S0
when a retention curve with oven dryness branch is used
(Equation 4), and equals f2 when a double porosity reten-
tion curve is used (Equation 7). The value for Kint in Table 2
(which correspond to a saturated hydraulic conductivity of
10−4 m s−1) is obtained from infiltration experiments and is a
typical value for sand. Equation 7 can be extended further to
cover dry conditions (Priesack & Durner, 2006; Zhang, 2011).
However, such extensions hardly had an effect on the results,
probably because in these dry conditions, the Darcy flux is
negligible with respect to vapor diffusion, at least for sandy
soils. For simplicity, we maintained Equation 7.
The vapor diffusion coefficient depends on temperature
and gas pressure:
𝐷wdif ,g = τ𝐷0
(273.15 + 𝑇 )𝑛
𝑝g
(9)
The factor τ takes into account tortuosity and the enhance-
ment of vapor diffusion due to phenomena taking place at
the pore scale which cannot be modeled directly (Philip &




























          z(m)  +2.00 0.00 -0.60 -1.20
Measured
Model
z(m)  +2.00 0.00 -0.30 -0.60













F I G U R E 5 (a) Daily averaged
temperatures, (b) specific humidity (ωwg ), and
(c) relative humidity (Hr) for various depths (z).
Note that the measured and modeled
temperature at +2 m is exactly the same,
because measurements were used as input
de Vries, 1957). The parameters in Table 2 (D0, n, and τ)
and a gas pressure of 103 hPa give a vapor diffusion coef-
ficient of 1.4 × 10−4 and 2.1 × 10−4 m2 s−1 for 0 and 50 ◦C,
respectively.





















The value for λs in Table 2 is obtained from calibration.
The thermal conductivities of the other phases (λg and λl) are
standard values. The parameters in Table 2 (ϕ, λg, λl, and λs)
and Equations 11 and 12 give a thermal conductivity of 0.4 J
◦C−1 m−1 s−1 when the soil is completely dry (λdry) and of 1.3
J ◦C−1 m−1 s−1 when the soil is completely water-saturated
(λsat). The average saturation degree of the dune sand is ∼0.1.
This gives a thermal conductivity (λ) of 0.7 J ◦C−1 m−1 s−1
according to Equation 10.
Specific humidity or vapor mass fraction is calcu-











𝑅g (273.15 + 𝑇 ) ρl
]
(13)
where the saturated specific humidity (or saturated vapor mass
fraction, ωwg,sat) is a function of temperature:
ωwg,sat =
1.36075 × 1011𝑀w







The psychrometric chart of Figure 1 has been obtained
from Equations 13 and 14. Note that the relative humidity, Hr,
depends mainly on suction (pg − pl) and that the saturated spe-
cific humidity, ωwg,sat , depends on temperature. A constant rel-
ative humidity in the psychrometric chart also implies a con-
stant suction and, through the retention curve, a constant satu-
ration. Moreover, the term for vapor diffusion in Equation A4,
𝐣wdif ,g, can be written in terms of suction (or liquid pressure)
gradient and temperature gradient as shown by Philip and de
Vries (1957):
















3.2 Boundary and initial conditions
As our objective is to study the processes involved in water
vapor adsorption, it is important to simulate the processes in























































F I G U R E 6 (a and b) Boundary fluxes and
(c) mass of water in the lysimeter during a
period of heavy rainfall. Inflow is positive, and
outflow negative
their more fundamental form, especially the turbulent vapor
fluxes at the soil surface. Therefore, we do not want to use the
lysimeter data directly for a prescribed flow boundary con-
dition, as was done, for instance, by Dijkema et al. (2018).
Instead, we calculate these fluxes through a more fundamen-
tal relationship (Equation 17), and we use the lysimeter data
for calibration.
In general, the top or atmospheric boundary of the model
is used to represent the interaction between soil and atmo-
sphere, including precipitation, evaporation, and solar radi-
ation. As there is no vegetation, transpiration by plants is not
considered. Also, mist deposition is neglected, because no
correlation could be observed between measured water vapor
adsorption and meteorological data (Kohfahl et al., 2019),
including 100% relative humidity, required for mist formation.
Fluxes of water, air, and energy are calculated as a function of
meteorological measured data (rainfall, temperature, net radi-
ation, relative humidity, and wind velocity) and the state vari-
ables (pl, pg, and T) at the soil surface (to be calculated by the
model). Hourly averaged meteorological data are used. Flux
of water (jw) at the boundary is specified as the sum of pre-
cipitation (P), turbulent vapor flux (E), and advective flux of
vapor in the gas phase (𝑗wg,adv):
𝑗w = 𝑃 + 𝐸 + 𝑗wg,adv (16)
Turbulent vapor flux at the boundary (E) is strongly related
to the phase change of water (evaporation or condensation)
taking place within the soil, but it is not exactly the same
in our conceptual model. The reason is that the amount of
vapor in the soil and its change are very small. Therefore,
because of vapor mass balance, the turbulent vapor flux at
the soil surface, E (in kg m–2 s–1), must be (almost) equal
to the condensation minus evaporation integrated over soil
depth (also in kg m–2 s–1). The latter, when it is positive
(i.e., when condensation exceeds evaporation), can be equated
to water vapor adsorption. The advective vapor flux across
the soil surface (𝑗wg,adv, see below) is generally very small
and is neglected by many researchers (Saito et al., 2006),
precipitation is measured, and the turbulent vapor flux is






















Vapor mass fraction in the air [(ωwg )𝑧a] can be calculated
from measured relative humidity and temperature through
Equations 13 and 14. Also, wind velocity at 2-m height (vza)
is measured. Vapor mass fraction at roughness length [(ωwg )𝑧0]
is assumed to be equal to that at the soil surface and thus is
a function of variables to be calculated by the model. Rough-
ness length (z0) is calibrated (see Table 2). The flux of energy
(je) is specified as the sum of net radiation (Rn), sensible heat
flux (H), latent heat flux (or advective heat flux due to vapor




























































F I G U R E 7 Volumetric water content (VWC) at various depths during a period of heavy rainfall
flux), and advective heat fluxes due to fluxes of liquid water
and air.











The last two terms are generally very small and are most
often neglected in other studies. Similar to vapor flux, the sen-






where air temperature (Tza) is measured, and temperature at
roughness length (Tz0) is assumed to be equal to that at the soil
surface and thus is a variable to be calculated by the model.
It is worth mentioning that Equations 16–20 use similar data
and assumptions as standard methods for calculating reference
evaporation through the Penman–Monteith equation (Allen,
Pereira, Raes, & Smith, 1998). The main difference is that
Penman–Monteith assumes the soil surface to be saturated in
water vapor (i.e., Hr = 1), whereas Equation 17 does not.
For the bottom of the model, we assumed gravitational
flow, which is equivalent to a zero liquid pressure gradient
(∇pl = 0). According to Equation 6, this leads to a water
flux that depends on capillary pressure through the relative
permeability and retention curve. The temperature at the
bottom was prescribed at measurements from the same
location. For the air balance (Equation A2), the gas pressure
is fixed to the atmospheric pressure of 0.1 MPa at the top
boundary. From this, an air flow (𝑗ag) and advective vapor flux
(𝑗wg,adv) can be calculated. A zero-air-flux boundary condition
was used at the bottom.
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F I G U R E 8 Evolution of turbulent vapor flux at the soil surface (E, Equation 17) during a week in (a) winter and (b) summer. Positive refers to
inward fluxes, and negative refers to outward fluxes
Initial liquid pressure in the whole domain is 945 hPa
(which corresponds to a suction of 55 hPa). This gives a uni-
form VWC that was more or less measured at various depths.
Initial gas pressure is 1,000 hPa. Initial temperatures are cal-
culated by linear interpolation of measured temperatures.
4 RESULTS AND DISCUSSION
The model with the double porosity retention curve gave the
best fit with the measurements. Therefore, we will first discuss
the results of this model. Then, we will look at the differences
compared with the models using the other retention curves.
4.1 Accumulative water fluxes
On a yearly time scale, the model fits well the accumulative
flux measured at the bottom (Figure 3a), the accumulative
vapor influx (Figure 3b), and the mass of water (Figure 3c).
This means that, because of water balance, on this time scale
the model also reproduces well the average net turbulent
flux at the boundary (related to condensation–evaporation).
The measured mass of water was deduced by subtracting the
mass of solid in the lysimeter from the total weight of the
lysimeter. The mass of solid is calculated from porosity and
density of the solid. This means that, for instance, an error in
the porosity of 0.01 m3 m−3 gives an error in mass of water
of 40 kg (0.01 times volume of lysimeter times density of
the solid). As porosity is not supposed to change in time,
this error should be systematic and not effect changes in
mass of water. Therefore, we should focus on the changes
in mass rather than the absolute values. Table 3 shows
simulated inward turbulent vapor flux at the boundary of
1 yr (related to water vapor adsorption) and measurements of
vapor adsorption calculated by Equation 1. Simulated inward
turbulent vapor flux (or water vapor adsorption) is 81 kg m−2
yr−1 (0.22 kg m−2 d−1), which is comparable with the values
obtained by Agam and Berliner (2004), Kosmas et al. (2001),
Uclés et al. (2015), and Dijkema et al. (2018), Verhoef et al.
(2006), mentioned in the introduction.
4.2 Temperature and humidity oscillations
The model fits the temperatures well (Figures 4 and 5). This
could be done by calibrating the roughness length (z0), which
controls the amplitude of temperature oscillations, and the
thermal conductivity of the solid (λs), which controls the
downward damping of this amplitude (Table 3). Some typ-
ical natural phenomena can be observed. The daily oscilla-
tions are largest at the soil surface (larger than in the air at
2 m, Figure 4). This reflects the fact that solar radiation first
heats the soil surface, which in turn heats the atmosphere
and underlying soil (Jury & Horton, 2004). Also, the daily
averaged temperatures at the soil surface are higher than air
temperatures, especially during summer (Figure 5). The sur-
face adsorbs more solar radiation than the atmosphere, which
is compensated through sensible and latent heat fluxes that
require a temperature difference between soil surface and air.
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F I G U R E 9 Profiles during winter of (a) volumetric water content (VWC), (b) vapor mass fraction (ωwg ), (c) temperature (temp.), (d) fluxes of
liquid water flow, (e) vapor diffusion (diff.), and (f) condensation–evaporation (cond.–evap.) of water. Positive fluxes are upward, negative fluxes are
downward. Condensation is positive, and evaporation is negative. The y axis shows depth (z)
Daily fluctuations are damped at depths of, at most, a few
decimeters (Figure 4). Yearly oscillations are damped at much
larger depths (Figure 5).
The specific humidity (or vapor mass fraction, ωwg ) at
the soil surface together with that of the air does not show
a lot of variation, in contrast with the specific humidity at
larger depths where the soil gas is clearly more humid during
the summer. The opposite occurs for the relative humidity
(Figure 5). The reason is that at larger depths the liquid
saturation (Sl), and therefore suction (pg − pl) and relative
humidity (Hr), remain more constant. However, the high
temperatures in summer cause an increase in saturated vapor
mass fraction according to Equation 14. A roughly constant
relative humidity together with a high saturated vapor mass
fraction (ωwg,sat) implies an also high vapor mass fraction (ω
w
g )
according to Equation 13. In other words, in the psychrometric
chart of Figure 1, one is moving along a line of equal relative
humidity. On the other hand, the soil surface desiccates more
quickly, adopting a humidity closer to that of the air, with a
more horizontal movement in the psychrometric chart.
4.3 Heavy rainfall event
Figures 6 and 7 show the results of the model and measure-
ments for a week with heavy rainfall. The model reproduces
the general effect of the rainfall, but it overestimates the total
amount of water in the lysimeter and the VWC. Moreover, flux
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F I G U R E 10 Profiles during summer of (a) volumetric water content (VWC), (b) vapor mass fraction (ωwg ), (c) temperature (temp.), (d) fluxes
of liquid water flow, (e) vapor diffusion (diff.), and (f) condensation–evaporation (cond.–evap.) of water. Positive fluxes are upward, negative fluxes
are downward. Condensation is positive, and evaporation is negative. The y axis shows depth (z)
data indicate that the model simulates less attenuation of the
rainfall events than the measurements. Maybe the fit can be
improved by calibrating the intrinsic permeability and param-
eters for the relative permeability curve. However, since VWC
is mostly low, it is not supposed to have a relevant impact on
other processes, such as heat flow and evaporation, which is
the focus of this work.
4.4 Analysis of a week in summer
and in winter
Figure 8 shows the vapor fluxes at the boundary during
a week in summer and in winter. During the day, there is
clearly a negative (or outward) turbulent vapor flux, related
to evaporation. At night, this is reversed. The model results
show similar oscillations as the measurements. Nevertheless,
during summer, the modeled oscillations are somewhat
delayed with respect to the measurements. The reason is not
clear, but it may be related to hysteresis of the retention curve,
not considered by our models. The large measured inward
turbulent vapor flux during the afternoon is not reproduced
by the model. Also, the model underestimates the size of the
oscillations in turbulent vapor flux during the winter.
To gain insight into the dynamics of the processes taking
place, we have plotted profiles of various variables for a point
of time at night and at day in winter (Figure 9) and in summer
(Figure 10). For both winter and summer, we can observe an
evaporation front at about 0.2 and 0.8 m, respectively, similar
to what was found by Gran, Carrera, Massana, et al. (2011)
and Gran, Carrera, Olivella, and Saaltink (2011). Deep below
this front, water flows downwards, enabling the drainage
at the lower boundary. Up to 0.1 m below the front, liquid
water flows upwards, evaporates at the front, and continues
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F I G U R E 11 Psychrometric chart with results of the model during
a day in winter (16 Jan. 2017) and in summer (13 July 2017). It also
contains lines of equal volumetric water content (VWC) for the double
porosity retention curve The y axis shows specific humidity (ωwg ), and
depth (z) is indicated by symbol color
its upward transport as vapor diffusion. Note that just below
the evaporation front (0.2 m in winter and 0.8 m in summer),
there is a little bit of vapor diffusion that is upwards in winter
and downwards in summer, caused by the downward and
upward gradient of humidity (ωwg ), respectively. This in turn is
caused by the downward and upward gradient of temperature.
Above the evaporation front flow of liquid water is practically
zero and water is mainly transported by vapor diffusion,
called by Or, Lehmann, Shahraeeni, and Shokri (2013) a
Stage II evaporation. Specific humidity (ωwg ) near the surface
is very close to that of the air at +2 m and oscillates only
slightly in comparison with the temperature. We can see more
clearly the effect of the large temperature oscillations and
relatively stable specific humidity, if we plot the results in a
psychrometric chart (Figure 11). Instead of lines of equal rel-
ative humidity, Figure 11 contains lines of equal VWC, which
can be calculated from Kelvin’s law (Equation 13), temper-
ature dependency of saturated humidity (Equation 14), and
the retention curve (Equation 5). Near the surface, the large
temperature oscillations cause oscillations in relative humid-
ity and thus trigger the changes in VWC. The water for this
VWC change is taken from or released to the atmosphere as
vapor. On the other hand, at slightly deeper levels (−0.2 m in
summer, −0.1 m in winter) the VWC hardly changes. Beside
temperature oscillations, Figure 11 also illustrates the impor-
tance of the retention curve, as a different retention curve can
give utterly different values for the lines of equal VWC. The
changing temperatures and VWCs create an intricate dynamic
pattern of bands of upward or downward diffusion and con-
densation or evaporation. As the gradient of specific humidity
(∇ωwg ) changes drastically with depth, vapor diffusion, being
proportional to ∇ωwg (Equation 15), changes accordingly.
Note that in Figures 9 and 10, the peaks and troughs of
the specific humidity profiles coincide with a zero vapor
diffusion and that the peaks and troughs of the vapor
diffusion profiles coincide with zero condensation–
evaporation. This can be explained by considering a simple
steady-state mass balance for water vapor in which diffusion
is the only transport process. In that case, condensation–
evaporation equals the divergence of the vapor diffusion
(∇𝐣wdif ,g).
4.5 Effect of retention curve
Using different retention curves of Table 2 and Figure 2 has
some effect on the yearly net turbulent vapor flux at the top
boundary (Table 3 and Figure 6). More importantly, the reten-
tion curve has a very big effect on the modeled daily oscil-
lation of the turbulent vapor flux (Figure 8). Oscillations
are significantly reduced for the Rossi and Nimmo retention
curve and practically disappear for the van Genuchten reten-
tion curve. As a consequence, the average inward turbulent
vapor flux is also reduced a lot (Figure 3, Table 3). The rea-
son is that the van Genuchten retention curve that we used
gives a constant VWC for suctions higher than ∼103 hPa (see
Figure 2), which corresponds to a practically saturated rela-
tive humidity (∼0.9993). This means that in a psychrometric
chart, such as Figure 11, changes in temperature and specific
humidity will not result in any changes of VWC unless very
close to the saturation line. For the Rossi and Nimmo reten-
tion curve, there are changes of VWC, but less than for the
double porosity retention curve. The same can be seen in Fig-
ure 10. In summer, the model of the van Genuchten retention
curve shows that the VWC of the upper part is at its constant
residual value both at night and noon. The model of the Rossi
and Nimmo retention curve shows some difference between
night and noon, but not as much as the model of the double
porosity. In any case, the model with the double porosity bet-
ter reproduces the observed oscillations, although the Rossi
and Nimmo model agrees better with the measured retention
curve (Figure 2).
5 SUMMARY AND CONCLUSIONS
A numerical model taking into account water, vapor, and
heat transport in unsaturated soil could simulate the water
adsorption deduced from the daily oscillations of the mass
of water, measured in the lysimeter. Simulated and measured
water vapor adsorption is 81 and 77 kg m−2 yr−1, respectively
(inward vapor flux in Table 3), which is comparable with
other studies.
The model shows that water vapor adsorption is driven by
daily temperature oscillations at the soil surface, which can
be much higher than oscillations in air temperature (typically
measured at a height of 2 m). On the other hand, specific
(or absolute) humidity remains more constant. This means
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that relative humidity and suction will oscillate according to
Kelvin’s law (Equation 13) and the temperature dependency
of saturated humidity (Equation 14). In turn, according to
the retention curve, this leads to oscillation in retained water.
This is illustrated in Figure 11, showing that large oscilla-
tion in temperature with constant specific humidity must lead
to large changes in relative humidity and, depending on the
retention curve, in VWC. The required water is taken from
or released to the atmosphere through vapor flux across the
soil surface, represented by E in Equation 17, followed by
condensation–evaporation within the soil. Both experimental
and model results demonstrate that this vapor flux can oscil-
late significantly during a day. Water vapor adsorption can be
understood best as an inward or negative vapor flux.
The retention curve, particularly its driest part, plays an
important role in this mechanism. It determines the amplitude
of the oscillations of vapor flux across the soil surface. When
for high suctions in the retention curve the VWC changes
more with suction, this flux also oscillates more. Therefore, a
retention curve of van Genuchten with a constant residual sat-
uration hardly gives any oscillation. A double porosity reten-
tion curve gives the highest oscillations similar to the mea-
surements. Nevertheless, one can question the correctness of
this retention curve. It suggests a 15% (f2 in Table 2) content
of fine material such as clay, but measured grain size distribu-
tions give clay contents between 0.3 and 3.1%. It is probable
that other factors are involved that have not been considered
by the model, such as hysteresis of the retention curve and/or
heterogeneity in the soil. Although the macroscopic appear-
ance and the sediment analyses of the dune sands revealed a
homogeneity at the lysimeter scale, local heterogeneities may
occur due to internal layering of the dune sediments not con-
sidered in the model. Studies at the pore scale have revealed
that condensation–evaporation can be slow to reach equilib-
rium, taking up to hours for high vapor saturation (Shahraeeni
& Or, 2010). Therefore, with daily oscillations of temperature
and relative humidity, condensation–evaporation may become
kinetically controlled, whereas our models assume a macro-
scopic equilibrium between suction, relative humidity, tem-
perature, and VWC. Anyhow, our results suggest that in order
to study water vapor adsorption well, it is important to char-
acterize the driest part of the retention curve adequately.
According to the double porosity model, water vapor
adsorption affects the top few decimeters of the soil,
where daily temperature oscillations are substantial. The
condensation–evaporation in the soil profile is far from uni-
form. The model suggests a pattern of alternating bands of
condensation and evaporation. It is difficult to measure these
small scale patterns directly with current techniques such as
lysimeters, sensors in soils, and meteorological data. More
information on this can be obtained from numerical models
that are calibrated to changes in mass of water in precision
weighing meteo-lysimeters.
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APPENDIX
BALANCE EQUATIONS
Balance equations are solved for water, air, and energy in an
unsaturated medium. Both water and dry air (basically con-
sisting of N2 and O2) can exist in the liquid and gas phase and
be transported in these two phases though advection, diffu-
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Note that we explicitly take into account gas flow, vapor
advection, and dispersion like Grifoll et al. (2005), but unlike
Milly (1982) and Saito et al. (2006), who neglect it. We added
these fluxes for reasons of coherence in the mass balance
equations. However, we do not expect them to have a lot of
effect.
Internal energies, 𝑒𝑖α in Equation A3, depend linearly on
temperature:
𝑒wl = 4.184𝑇
𝑒wg = 2.5 × 10
6 + 1, 900𝑇
𝑒s = 760𝑇
𝑒al = 1, 000𝑇
𝑒ag = 1, 000𝑇
(A5)
where 𝑒𝑖α is in joules per kilogram and T is in degrees Celsius.
An important property is the latent heat of evaporation, which
is represented by the difference between the internal energy
of vapor and liquid water (𝑒wl − 𝑒
w
g = 2.5 × 10
6 − 2, 284𝑇 ),
which in our approach depends slightly on temperature.
